The design of straw tube detector modules developed for the PANDA Forward Tracker is presented. One module consists of 32 straws with 10 mm diameter, arranged in two staggered layers, and has a very low material budget of only 8.8·10 −4 X 0 . The overpressure of the working gas mixture of 1 bar makes the module self-supporting and enables the use of lightweight and compact support frames. Detection planes in the Forward Tracker consist of modules mounted closely, without gaps, next to each other on a support frame. A module can be mounted and dismounted from the frame without the need to remove the neighborig modules, enabling fast repairs. Technical details of the detector design and the assembly procedure of the straw tubes and the straw modules as well as results of performed tests of the modules are given.
Introduction
The Forward Tracker (FT) in the PANDA experiment [1] is designed for momentum analysis of charged particles deflected in the field of the PANDA Forward Spectrometer dipole magnet. The tracker comprises three pairs of planar tracking stations: one pair (FT1, FT2) is placed in front of the dipole magnet, looking in the beam direction, the second pair (FT3, FT4) inside the magnet gap, and the third one (FT5, FT6) -after the magnet (see figure 1) . Each station consists of four double-layers of straw tubes: the first and the fourth one contain vertical straws and the two intermediate double-layers -the second and the third one -contain straws inclined at +5 and -5 degrees, respectively. The active area of the tracking stations in the FT ranges from x × y = 134 × 64 cm 2 in FT1, FT2 to 392 × 120 cm 2 in FT5, FT6 and the total number of straw tubes in the FT equals 12 224. More details of the FT layout are given in ref. [2] ).
For the FT we adopted the technique of self-supporting straw tube detectors which were developed for the COSY-TOF experiment [3] . In these straws, the applied gas overpressure of 1 bar provides their mechanical stiffness and maintains the anode wire tension. The COSY-TOF tracker consists of 2704 straws of 1 m length arranged in 13 double-layers at three different orientations. The tracker was installed inside the large vacuum tank of the COSY-TOF spectrometer and was successfully used for several years for studies of associated strangeness production in proton-proton collisions [4] .
Pressure stabilized straws will also be used in the PANDA cylindrical Straw Tube Tracker (STT) which is a part of the PANDA Target Spectrometer. The STT group built and tested numerous prototypes of the tracker. Different studies of the prototypes, including energy-loss measurements, tests of detector performance with high intensity proton beams, as well as aging tests, are presented in the Technical Design Report for the PANDA STT [5] .
Although the basic concept of the FT is similar to the COSY-TOF tracker, it differs in several important details. In our design, the tracking stations of the Forward Tracker have a modular layout. They consist of straw tube modules arranged in detection planes. The standard modules contain 32 straw tube detectors placed in two staggered layers glued together. An important advantage of the modular layout of the Forward Tracker is the possibility of a fast and simple repair of the detection planes by replacing single modules containing broken channels or straws showing deterioration of performance due to aging effects. The later concerns especially the modules located close to the beam pipe, where the particle fluxes reach up to 2.5 · 10 4 cm −2 s −1 .
Since the number of straws in the FT is about a factor 3 higher compared to the PANDA STT, a new end-plug design with new straw assembly techniques and tools were developed for a time-efficient and high-quality series production of the more than 12000 straws needed for the FT. In the new end-plugs, for positioning and holding of the anode wire, we use a wire locator with a V-groove and a small printed circuit board (PCB) for soldering the wire, instead of the crimp pin applied in the other designs. Besides, for providing the electric cathode contact, we use an aluminum ring glued inside the straw with an electrically conductive adhesive.
A modular construction of planar tracking stations was also used in the LHCb Outer Tracker [6] . The LHCb module contains two staggered layers of straws placed in a gas box consisting of two sandwich panels, two end pieces and two lateral strips. The box provides mechanical rigidity and gas hermeticity to the module. The material budget of the module corresponds to about 0.75% of a radiation length (X 0 ) where the main contributions come from the straw tube layers (0.3% X 0 ) and from the box (0.4% X 0 ) [6] . Thanks to the use of thin-walled straw tubes and lack of additional stiffening elements, which are not needed in the case of self-supporting straw tubes, the material budget in our modules is almost 10 times smaller and equals 0.088% X 0 . An additional advantage of our solution, compared to the LHCb Outer Tracker, is the lack of gaps between the modules resulting in local areas with reduced detection efficiency.
This paper presents details of the design and the assembly procedure of the straw tube detectors developed for the PANDA Forward Tracker. In section 2, details of the straw tube end-plugs design, the assembly procedure of the straw tubes and the tooling for the assembly are described. Section 3 presents the design of a single module along with the assembly steps. In section 4, an arrangement of straw tube modules in a double layer of straws is described. Performed tests of prototypes of the straw tube modules are presented in section 5.
2 Self-supporting straw tubes
Straw tube material
The straw tubes of 10.0 mm inner diameter and a total wall thickness of 27 µm are produced by Lamina Dielectrics Ltd [7] . They are made of two layers of 12 µm thick aluminized Mylar [8] by wrapping two long strips around a rotating mandrel and gluing the two half-overlapping strips together. The aluminization at the inner tube wall is used as a cathode whereas the aluminization of the second, outer strip layer is used to screen light incidence. A 20 µm diameter gold-plated tungsten-rhenium wire manufactured by Luma Metall [9] is used as anode. The resistance of the cathode is about 40 Ω/m and that of the anode wire 258 Ω/m. The capacitance of the straw is 8.9 pF/m and the impedance, calculated for high frequencies -exceeding 100 MHz, is 373 Ω [5] .
The use of the relatively thin Mylar film as the straw material allows to achieve a very low material budget. In our straws filled with Ar-CO 2 (90:10) gas mixture, at 2 bar absolute pressure, the mean thickness in radiation length X 0 of the straw is of 4.4 × 10 −4 and the contributions from the foil, the gas mixture and the anode wire are 3.0 × 10 −4 , 1.3 × 10 −4 and 0.1 × 10 −4 , respectively. In the PANDA FT consisting of six tracking stations, and each comprising four double layers of straw tubes, the total material budget of the straw volume is only 2.1% X 0 .
End-plugs
End-plugs, in the discussed self-supporting straw tube detectors, should fulfil the following functions:
• tightly close the volume of gas in the straws,
• allow the supply of gas to the straws,
• provide electrical contact with the inner surface of the straw acting as the cathode,
• position the anode wire on the straw axis and hold its mechanical tension,
• provide electrical contact with the anode wire and electrically isolate it from the cathode.
Due to the variety of the listed functions, the appropriate design of end-plugs is crucial for the reliability of the straw detectors. It is also decisive for assembly time of these detectors.
Components of the end-plug, developed for the FT straws, are shown in a photograph presented in figure 2 and a longitudinal section of the assembled end-plug is shown in figure 3 . The basic mechanical element of the end-plug is a cylindrical plastic bushing having a form of a cup with a nose. The cup has an outer diameter of 10 mm and is glued into the straw, while the nose, with an outer diameter of 7 mm, is used to position the straw. A groove in the nose is used for holding and stretching the straw during tensioning of the anode wire. For grounding the aluminized inner surface of the straw, an aluminum ring is used, which is attached to the bushing. A wire locator having a cylindrical shape with a V-groove for positioning the anode wire on the axis of the straw and a PCB for soldering the anode wire is inserted in a ø = 5 mm opening in the plastic bushing. In one of the two end-plugs closing the straw, a ≈2 cm long isolated cable with a miniature plug is soldered to the PCB in the wire locator (see upper-right corner of figure 2 ). This cable connects the anode wire to the front-end electronics (FEE). The V-groove in the wire locator is closed with a plastic plug having a shape of a quarter cylinder. A steel capillary tube with attached micro PVC (medical quality grade) pipe is fed through a hole in the plug to provide the gas flow through the tube. The capillary tube has an outer diameter of 0.55 mm, the wall thickness of 0.09 mm and a length of 10 mm. The micro PVC tube has an inner/outer diameter of 0.5/0.8 mm. The plug as well as the bushing and the wire locator are made from ABS [10] by injection molding. 
Assembly of the straw tube detectors
The assembly of the straw tube detectors proceeds through the following three steps, which are conducted on separate stands using dedicated toolings:
• gluing the plastic bushings and the aluminum rings in the straws,
• tensioning the anode wires,
• inserting the plugs in the V-grooves in the wire locators and sealing them with adhesive.
The plastic bushings are glued in the straw at both ends using a two-component epoxy resin adhesive (UHU endfest 300 [11] ) ensuring gas tightness. The aluminum ring is applied for grounding the inner aluminized surface of the straw only at one end, where the readout electronics is attached. In order to ensure durability of the electrical contact between the ring and the inner straw surface, an electrically conductive adhesive (MG Chemicals 8331S [12] ) is used.
In order to apply always the same quantity of the two-component epoxy adhesive inside the straw tubes, at the same distance from the edge of the straw, a device shown schematically in figure 4 was constructed. In this device, the straw is held by air under-pressure and is rotated around the symmetry axis at a predetermined speed. The adhesive is dispensed inside the straw, at the required distance from the edge, using a glue dispenser machine. The electrically conductive adhesive is applied on the perimeter of the aluminum ring by a rubber wheel covered with the adhesive and rolling around the ring. After that, the bushing with the ring is inserted inside the straw.
The tensioning of the anode wire in the straw tube is performed on a stand shown schematically in figure 5. The straw with plastic bushings glued on both ends is held on the stand by means of two grips inserted in the grooves in the noses of the bushings. One of the grips is fixed firmly to the base of the stand and the other is placed on a small table that can move along the direction of the straw. The straw is tensioned by applying an appropriate force to the movable table. The force is chosen in such a way that the elongation of the straw is the same as that caused by the overpressure of 1 bar of the working gas. The value of this force, determined experimentally, is about 160 g (gramforce). It is worth noting, that due to the Poisson's effect, this force is significantly smaller than the axial force exerted by the gas overpressure of p = 1 bar acting on the surface of the end-plug S ≈ 0.785 cm 2 , equal to p · S ≈ 801 g.
After tensioning the straw, the wire is threaded through the straw using a carbon fiber rod with a notch at one end to hold the wire. For this, the wire is first led from the spool, as shown with a dashed line in the left part of figure 5, and its end is caught in the gripper 1. Then, the carbon fiber rod is inserted through the openings in both plastic bushings in the straw. This operation is very easy due to the relatively large diameter of the opening in the plastic bushings (5 mm) and the funnel shape of the bushing on the inner side of the straw. Next, the wire is caught by the notch in the rod and, after releasing the gripper 1, is dragged through the straw. The wire is then blocked at one end with the gripper 2 and tensioned at the other end by a weight of 50 g. After that, the wire locators are inserted in the ø = 5 mm opening in the plastic bushings at both ends and the wire is soldered to the PCBs attached to the wire locators. Finally, the excess of wire is cut off with a sharp knife.
In the last step of the straw assembly, the plugs with steel tubes and plastic pipes are inserted in the V-grooves in the wire locators and are sealed with adhesive (UHU endfest 300 [11] ) as shown 3 Straw tube modules
Assembly of the modules
In the tracking stations, the straw tube detectors are grouped into modules constituting independent mechanical and electrical units. A single module consists of 32 straw tube detectors arranged in a planar double layer as shown schematically in figure 7 .
The assembly of a straw tube module is performed on a reference grooved plate, which defines precisely tube-to-tube distance of 10.1 mm. First, a series of 16 straws is placed on the plate and the end-plugs with the aluminum rings are inserted in openings in an aluminum bracket at the side for the FEE (see figure 8, left) . To ensure the durability of the electrical contact between the rings and the bracket, an electrically conductive adhesive (MG Chemicals 8331S [12] ) is applied. Then the straws are connected to a gas supply and pressurized to the nominal overpressure of 1 bar. The individual tubes are aligned with high precision also from the top by smaller reference plates (see figure 8, right) . Then, each tube is glued to the two adjacent ones at several defined points spaced apart by about 20 cm along its length. The glue used here is an instant cyanoacrylate adhesive (Loctite 408 [13] ). After that, a second layer of straws is precisely positioned on top of the first one. Their aluminum rings are inserted and glued with the conductive glue to the bracket, and after the straws are pressurized to the nominal overpressure, the single tubes are glued to the adjacent ones in the same layer and in the lower one. 
Module description
The straws in the module are glued together and are supported by two end-pieces. Connections of the straws to the front-end electronics (FEE) cards, described in more details below in section 4, and to the high voltage (HV) supply are incorporated in one end-piece, whereas the gas mixture is supplied to the straws through the other. The end-piece on the FEE side, shown in figure 9 , consists of the aluminum bracket, already mentioned in the previous subsection, with an attached PCB needed for connecting the straws to the HV supply and the FEE cards. The bracket contains two rows of ø = 8 mm openings in which the straw end-plugs with aluminum rings are inserted to provide electrical contact between the rings (and thus also the cathodes) and the bracket. One side of the PCB, fully coated with copper, contacts the bracket and serves together with the bracket as a common ground for the straws (cathodes) as well as for the FEE and the HV supply.
The connection between the anode wires and the PCB is done by the 2 cm cables, attached to the straws, with miniature plugs which are fitted onto pins soldered to the PCB. The PCB contains a pair of connectors for two 16-channel FEE cards. Signals from the anode wires are led to the FEE cards via 0.3 nF decoupling capacitors. High voltage is connected to the anode wires via 1 MΩ resistors limiting the short circuit current to 2 mA at a voltage of 2000 V. The end-piece on the gas supply side consists of an aluminum bracket with an attached gas inlet and outlet manifold (see figure 10) . The inlet manifold distributes the gas mixture from the supply line to 16 gas circuits, each consisting of two straw tubes connected in series. The gas mixture flows from this manifold through one layer of straws to the opposite end of the module and returns through the second layer, where the outlet manifold collects it and leads it to the exhaust line. A connection between the straw tubes in each pair is done at the FEE side of the module by coupling the PVC gas pipes connected to the end plugs with 10 mm long steel capillaries of 0.55 mm outer diameter. The same tubes are used for connecting the straws to the gas manifolds. The impedance of the PVC gas pipes and the steel capillaries provides balanced flow among all straws in a module. For connecting the manifolds to the gas supply and exhaust line, ø = 4 mm outer diameter polyamide pipes are used. The ø = 7 mm noses of the end-plugs are inserted in openings in the aluminum bracket and can freely slide in the openings. This allows undisturbed elongation of the straw tubes when the gas pressure in the straws is increased to the working value of 2 bars. The modules show strong rigidity when the straws are pressurized to the nominal overpressure of 1 bar. No stretching from a mechanical frame to sustain the wire tension or reinforcements for the tube shape are needed. Due to the overpressure the thin-wall tubes have a cylindrical shape and the modules are self-supporting.
Tracking station design
Straw modules mounted next to each other, without gaps, on a support frame, form a double layer of straw tube detectors. Thanks to the appropriate shape of the end-pieces, each module can be mounted and dismounted from the support frame without the need to remove neighboring modules as explained in figure 11 . The end-pieces are precisely positioned on the frame with pairs of ø = 2 mm steel dowel pins. The number of modules in one double layer and the length of the straw tubes in the modules are adapted to the dimensions of the active area in a tracking station. In the PANDA FT, the number of modules in one double layer ranges from 10, in the tracking stations located upstream of the dipole magnet, to 27 in the stations downstream of the magnet. The double layers in these stations are mounted on rectangular support frames and contain a central opening for the beam pipe. The opening is created by application of a pair of short modules placed -one above and the second below the beam pipe. One frame is used for a pair of double layers mounted on both sides.
In the FT stations upstream and downstream of the dipole magnet, the rectangular support frames consist of pairs of "C" shaped half-frames. This solution allows to split the tracking stations into two parts -left and right with respect to the beam direction -which is necessary for their installation on the beam line. The half-frames are mounted on linear bearings and can be pulled out of the tracking stations to provide access to the modules and allow repairs.
A photograph of a prototype half-frame for the tracking stations FT5, FT6, equipped from one side with modules, is presented in figure 12 . The half-frame is supported only from the bottom by two linear bearings mounted on a rail. The vertical orientation of the half-frame is fixed by a pair of positioning elements encompassing the upper arm of the half-frame. The shape and dimensions of the half-frame have been optimized to minimize the deformation under its own weight and the weight of the attached modules. The measured maximum deformation reaches 0.5 mm at the end of the upper arm. This deformation has no mechanical effect on the straws in the modules, since the straws can move freely in the holes of the aluminum brackets attached to the upper arm of the half-frame.
For the readout of the 32 straw tubes in a module, we use two 16-channel FEE cards, each containing two PASTTREC chips. The PASTTREC, described in detail in ref. [17] , was developed for the readout of the PANDA straw tube detectors at high counting rates that can reach 1 MHz per channel. One chip contains eight channels, each one including a preamplifier, a shaper, an ion tail cancelation and a baseline stabilization circuit, a leading edge discriminator for time and time-overthreshold (TOT) measurements with LVDS output as well as an analog output. The preamplifier gain, peaking time, tail cancelation parameters, common discrimination threshold and individual baseline levels are programmable, allowing to optimize the chip performance for given working conditions of the straws. We adjusted these parameters with pulses from the straws illuminated with the 55 Fe source to eliminate the ion tail and equalize the baseline levels [18, 19] . During tests of the straw tube modules, the time of the leading and trailing edges of the PASTTREC discriminator pulses was measured with the Trigger Readout Board version 3 (TRB.v3) [20] .
5 Quality control and performance of the straw modules
Wire tension
Before the produced straws are mounted in modules, they are tested for mechanical tension of the anode wire and for gas tightness. For measuring the wire tension, the straw is placed in a field of a permanent magnet and a short (∼1 ms) current pulse is applied to excite vibration of the wire. The tension is determined evaluating the frequency of the first harmonic of alternative current induced in the vibrating wire. A typical deviation from the nominal tension of 50 g is at the level of σ = 1.2 g. Straws with deviations smaller than ±5 g are accepted which is the case for more than 99% of tested straws.
The wire tension depends only weakly on the gas overpressure as indicated by the result of our measurement presented in figure 13 . Even in the absence of overpressure, the wire tension is about 43 g, and so is relatively large. For a quantitative description of this dependence, we calculated it based on the mechanical properties of the wire and the straw tube material. First, we determined the elongation of the wire and of the straw tube under the pretension applied during the assembly (50 g and 160 g, respectively) with the Young's modulus for the wire material of 41800 kg/mm 2 [14] and for the straw tube material (12 µm Mylar film) of 418 kg/mm 2 [15] . For the wire and the straw length of 1250 mm, as used in the FT5 and FT6 stations, the elongation equals 4.74 and 0.47 mm, respectively. Then we calculated the change in the length of the wire after combining the wire with the straw (soldering the wire to the PCBs in the end-plugs) and releasing the pretensions. This change equals 0.59 mm and it results in the wire tension drop from 50 g to 43.7 g, which agrees with the measurement. Finally, we determined the fractional change in length ∆l/l of the straw tube detector (straw tube + wire) as a function of the gas overpressure p using the following formula:
where E s and E w is the Young's modulus for the straw and the wire material, respectively, r s is the straw tube radius (5 mm), t is the thickness of the straw film (27 µm), ν is the Poisson's ratio for the straw material, r w is the wire radius (10 µm). The first expression in the square bracket describes the elongation of the straw tube under gas pressure (see ref. [21] ) and the second term results from the wire elongation. The fractional change in length ∆l/l multiplied by 2πr 2 w E w gives a change of the wire tension due to a given overpressure. The dashed line in figure 13 presents the result of the calculation with a typical value of the Poisson's ratio for Mylar equal 0.38 according to ref. [16] . An almost perfect description of the data points is obtained with a slightly lower value of the Poisson's ratio of 0.356 (see the solid line in figure 13 ).
Gas tightness
For checking the gas tightness of straws, an automatic test stand has been built. It tests simultaneously up to 16 straws. The straws are being filled with argon at 2 bar absolute pressure (1 bar overpressure) and, after closing the gas supply, variation of the pressure is registered for a specified period of time, typically of a few hours. Straws with a gas leakage exceeding the limit of ∆p/p/t = 0.3%/h are rejected.
The gas tightness is also checked for complete straw tube modules. A typical rate of the gas pressure loss measured with the Ar/CO 2 (90:10) gas mixture at 2 bar pressure is about 11 mbar/day (∆p/p/t = 0.55%/day). This loss is negligible compared to the planned flow of the gas mixture through the FT stations on the level of a few gas volumes exchanges per day to refresh the gas mixture and to prevent aging effects. We measured also gas leakage for straws filled with pure Ar and pure CO 2 at 2 bar and we observed the pressure drop of about 7 mbar and 46 mbar per day, respectively. The observed difference in the gas loss rate for argon and CO 2 is characteristic for the different permeation of the specific gas molecules through the Mylar film [22] .
Measurement of plateau curves with 55 Fe
To check the performance of the straw tube detectors as proportional counters, we measure the so called plateau curves with X-rays from 55 Fe source. For this purpose, the number of straw tube pulses exceeding a fixed discrimination threshold of the front-end electronics is measured as a function of the high voltage applied to the anode wire. An example of the plateau curves registered for 32 straws in one module is shown in figure 14 . Two groups of curves with higher and lower number of counts are visible, and correspond, respectively, to the first and second straw tube layer in the module looking from the source side. The main step on the curve, visible slightly above 1500 V, corresponds to the registration of pulses produced by the total absorption of the 5.9 keV X-rays from 55 Fe. The smaller step, visible at higher voltage, around 1600 V, results from the argon escape peak and corresponds to the registration of an energy deposit of 2.9 keV. Very low number of counts at voltages below the main step is an indication of low level of pick up noise (in the order of 1 Hz). In turn, the same position of the main step registered for various straws indicates equal gas gain for the investigated straws. Finally, a wide plateau range, with no increase at higher voltages, means no discharges and after-pulses. 
Tests with a proton beam
The performance of the straw modules was also studied using the external proton beam of the COSY-Jülich synchrotron. A test setup consisted of three straw modules oriented vertically and arranged one after the other with a pitch of 11 cm. The beam was passing through all of them at approximately right angle. Downstream of the modules, a triggering scintillator was placed, and upstream, a position sensitive GEM detector, for monitoring the beam profile, was located. The modules were operated with a gas mixture of Ar-CO 2 (90:10) at 2 bar absolute pressure. The voltage on the anode wires was +1800 V resulting in a gas gain of ∼ 5 · 10 4 .
The tests were performed for several beam momenta in the range from 0.55 to 3.0 GeV/c, corresponding to the ionisation densities in the range of about 2.5 ÷ 1 of the ionisation minimum, in order to study the applicability of the TOT measurement of the straw tube pulses for determining the specific energy loss and thus for particle identification. In the following, we present the results of track reconstruction in a measurement at a beam momentum of 3.0 GeV/c. In this measurement, the beam spot on the straw modules was about 3 cm horizontally and 2 cm vertically, and the hit rate was about 20 kHz/straw.
A distribution of the drift time, measured as the time difference between the straw tube pulse and the triggering scintillator pulse, is shown in figure 15 . The left edge of the distribution corresponds to short drift times related to tracks passing in the vicinity of the anode wire. A width of the distribution of about 130 ns gives the maximum drift time corresponding to drift path equal to the straw radius (5 mm).
The registered proton tracks were reconstructed using the least χ 2 fit to the measured track to wire distances. In the first step of the reconstruction procedure, straw layers with at least one straw response were identified. Only events with at least three responding layers (out of six) were used in the reconstruction. Then, a straight line was fitted to all possible combinations of hits containing one hit from each responding straw layer. Finally, a combination of hits corresponding to the lowest χ 2 value was selected. Fit results with χ 2 value per degree of freedom smaller than 10 were accepted as a successful reconstruction. In the reconstruction procedure, the distance- The time-over-threshold (TOT) of the straw tube pulses, determined as the time difference between the leading and trailing edge of the FEE discriminator signals, is presented as a function of the drift time in figure 17 , left. TOT decreases for longer drift times due to the smaller amplitudes of the straw pulses for tracks passing at larger distances from the anode wire. This dependence was parametrized and appropriate corrections for the TOT values were applied. Next, a TOT truncated mean was calculated for hits belonging to a single track by rejecting the highest TOT. The TOT truncated mean spectra clearly depend on the beam momentum as shown in figure 17 , right. This demonstrates the usefulness of the TOT measurement for determining the specific energy losses in the straws, and hence for particle identification [19] . 
Summary and conclusion
We have developed low mass, self-supporting straw tube detector modules based on thin-walled straws of 10 mm diameter, mechanically stabilized with an overpressure of the working gas mixture. The modules are foreseen for the construction of detection planes in the PANDA Forward Tracker. The modular construction of the tracker allows for fast repairs by replacing modules suffering from broken straws or aging effects. For the straws, we developed end-plugs allowing quick and easy assembly. We have constructed a real-size prototype, a half-frame equipped with modules for the PANDA Forward Tracker. The modules passed successfully the quality tests, including inspection of the wire tension, the gas tightness and the plateau curves. We demonstrated also satisfactory tracking performance using the external proton beam of the COSY-Jülich accelerator.
The developed modules constitute universal building blocks for the construction of tracking detectors of different sizes of active areas and various inclinations of straws. The role of the detector frames is limited to positioning of the modules and thus lightweight and compact frames can be used.
